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Abstract: The endoplasmic reticulum (ER) is the major site of calcium storage and protein 
folding. It has a unique oxidizing-folding environment due to the predominant disulfide 
bond formation during the process of protein folding. Alterations in the oxidative 

2_|_ 

environment of the ER and also intra-ER Ca cause the production of ER stress-induced 
reactive oxygen species (ROS). Protein disulfide isomerases, endoplasmic reticulum 
oxidoreductin-1, reduced glutathione and mitochondrial electron transport chain proteins 
also play crucial roles in ER stress-induced production of ROS. In this article, we discuss 
ER stress-associated ROS and related diseases, and the current understanding of the 
signaling transduction involved in ER stress. 

Keywords: ER stress; ER stress associated disease; ER associated oxidative stress; 
disulfide bond formation; PDI; ERO-la; mitochondria electron transport chain 



1. Introduction 

The endoplasmic reticulum (ER) is an organelle that contains protein chaperones and enzymes, 
which are involved in protein folding. Protein folding is a delicate process such that only properly 
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folded proteins are modified at the Golgi apparatus and translocated to their destined sites [1]. On the 
other hand, misfolded or immature proteins aggregate in the ER lumen and are degraded by the 
ER-associated degradation (ERAD) machinery or by autophagic degradation [2]. Misfolded proteins 
can expose hydrophobic amino-acid domains that enhance protein aggregation [3]. These protein 
aggregates trigger a condition called ER stress, which is known to contribute to the pathophysiology of 
"conformational diseases" such as neurodegenerative disorders and diabetes mellitus. In response to 
ER stress, cells activate the "ER stress response" or the "unfolded protein response" (UPR) [1,4] in 
order to nullify the induction of stress in the ER lumen (Figure 1). Generally, the ER stress response in 
mammals consists of four mechanisms: (i) Attenuation of protein synthesis to prevent any further 
protein aggregation/accumulation, (ii) transcriptional induction of ER chaperone genes to enhance 
folding capacity, (iii) transcriptional induction of ERAD genes to increase ERAD ability/capacity, and 
(iv) induction of apoptosis to remove stressed cells [5]. 

Accumulating evidence has suggested a direct link between the production of reactive oxygen 
species (ROS) and cellular events such as protein oxidation and protein folding [6]. Oxidative stress 
and ROS generation are integral components of ER stress and are not just consequences of ER stress 
induction. The major enzymatic components of ROS production during UPR induction are protein 
disulfide isomerase (PDI), endoplasmic reticulum oxidoreductin (ERO-1), and NADPH oxidase 
complexes (especially the Nox4). Additionally, mitochondrial electron transport enzymes produce 
ROS [7]. Although there is a plethora of studies on ER stress and associated diseases, the core 
pathophysiological mechanism of ER stress-associated ROS has not yet been fully clarified. In this 
review, we discuss ER stress-associated ROS and related disorders, and the current understanding of 
the signal transduction mechanism involved in ER stress. 

2. ER stress and ROS 

2.1. Understanding of ROS 

Cells have basal level of ROS for signaling and normal functioning. In contrast, ROS levels 
increase upon exposure to toxic agents such as irradiation and environmental pollutants or during 
enzymatic reactions (e.g., mitochondrial respiratory chain reactions, arachidonic acid pathway, 
cytochrome P450 family and those involving glucose oxidase, amino acid oxidase, xanthine oxidase, 
NADP/NADPH oxidase or NO synthases) [8,9]. The mitochondrial inner membrane potential defines 
the rate of electron transport chain, which produces the membrane-impermeable superoxide anion. The 
generated superoxide is converted to hydrogen peroxide (H2O2) by mitochondrial dismutase and 
diffuses out of the mitochondria into the cytoplasm. H2O2 forms the highly reactive hydroxyl radical 
(OH*) through the Fenton reaction in the presence of iron [10]. Moreover, the superoxide anion radical 
(O2 ') generates other toxic metabolites such as peroxynitrite (ONOO~), hypochlorous acid (HOC1), 
and singlet oxygen (O2) [11]. Under basal physiological conditions, endogenous antioxidant defense 
mechanisms including enzymatic (e.g., superoxide dismutase, glutathione peroxidase, catalase, and 
thioredoxin reductase) as well as non-enzymatic (e.g., vitamins) antioxidant systems prevent ROS 
accumulation [10,11]. Furthermore, redox homeostasis is regulated by several redox systems such as 
NAD7NADH, NADP + /NADPH, and oxidized glutathione/reduced glutathione (GSSG/GSH) [8]. 
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Figure 1. Endoplasmatic reticulum (ER) stress and unfolded protein response (UPR) 
induction. During the pathological conditions, proteins are aggregated causing 
accumulation of misfolded proteins in the ER lumen. This accumulation of misfolded 
proteins enhances UPR. During the initiation of UPR, BiP preferentially binds to the 
unfolded proteins, driving its equilibrium binding away from inositol requiring enzyme 1 
(IRE-1), PKR-like endoplasmic reticulum kinase (PERK) and activating transcription 
factor 6 (ATF-6) proteins which are considered as initiators of the three main signaling 
cascades of UPR. IRE-1 protein dimerizes and activates its protein kinase activity 
(for autophosphorylation) and its endoribonuclease activity. It cleaves X-box-binding 
protein 1 (XBP1) mRNA to remove a small intron, converting unspliced (XBPlu) to 
spliced form (XBPls), resulting in yielding a more potent transcriptional activator. 
Similarly, PERK also dimerizes and activates to phosphorylate eukaryotic initiation 
factor 2 (eIF2) on the a-subunit. This action selectively translates ATF-4 mRNA which 
further induces more transcriptional activator. Activation of ATF-6 allows it to translocate 
to the golgi apparatus, where it is cleaved by a protease, changing it to the active cytosolic 
ATF-6 fragment. This fragment migrates to the nucleus, activating the transcription of 
UPR target genes. 




Nucleus Transcription 

activation 



2.2. Oxidative Protein Folding in ER 

Proper protein folding and formation of disulfide bonds occur in the ER. The redox status within the 
lumen of the ER affects protein folding and disulfide formation. The lumen of the ER, in contrast to 
the cytosol, has a highly oxidizing environment, with a high ratio of GSSG/GSH. Glutathione is a 
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tripeptide (L-g-glutamyl-L-cysteinyl-glycine) that is synthesized in the cytosol. It exists in a reduced 
state (GSH) due to the cytosolic NADPH-dependent reaction catalyzed by glutathione reductase [12]. 
Interaction of GSH and thiols of proteins with ROS determines cellular redox homeostasis and its 
maintenance [13]. GSH acts as a major thiol-disulfide redox buffer and the GSH/GSSG ratio is used as 
a cellular redox state index. The ratio of reduced glutathione to oxidized glutathione is >50:1 in the 
cytoplasm, and 1:1 to 3:1 in the ER lumen [14]. It is well known that the oxidizing environment in the 
ER lumen facilitates disulfide bond formation. Additionally, the greater oxidizing environment of the 
ER prevents the aggregation or accumulation of unfolded proteins in the ER lumen due to its preferred 
oxidation state and abundant ER-resident proteins such as protein disulfide isomerase [15]. 

Prior to the secretion of properly folded proteins from the ER lumen, these proteins undergo 
compulsory disulfide bond formation for stability and maturation. Alterations in the disulfide bond 
formation or mispairing of cysteine residues results in protein misfolding or inability of the protein to 
attain its proper configuration [16]. Several reports have described the role of GSH in preventing 
non-native disulfide bond formation or the generation of misfolded proteins. However, there are many 
other pathways that cells can use to maintain native protein structure. For instance, a number of folding 
catalysts maintained in the ER lumen, which regulate redox conditions may also facilitate the 
formation and isomerization of disulfide bonds [17]. In many instances, oxidative protein folding is 
catalyzed by a family of ER oxidoreductases including PDI, endoplasmic reticulum protein p72 
(ERp72), ERp61, ERp57, ERp44, ERp29, and PDI-P5 [8]. These folding enzymes oxidize cysteine 
residues of nascent proteins and help proteins form correct disulfide bonds. Reduced folding enzymes 
are reoxidized by ERO-1, the enzyme which can use molecular oxygen as a terminal electron acceptor 
(Figure 2) [18]. 

Figure 2. Pathway of oxidative protein folding. The formation of disulfide bonds in 
proteins in the ER is driven by protein disulfide isomerase (PDI) and endoplasmic 
reticulum oxidoreductin-1 (ERO-1). ERO-1 uses a (FAD)-dependent reaction to transfer 
electrons from PDI to molecular oxygen (O2), resulting in ER protein folding-induced 
oxidative stress. When incorrect disulfide bonds are formed, GSH assists in reducing them, 
and this decreases the GSH/GSSG ratio. This condition alters the redox environment in the ER. 
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Many studies have indicated a crosstalk between the generation of ROS and the ER stress response. 
Although redox imbalance can be caused by alteration in the functions of PKR-like endoplasmic 
reticulum kinase (PERK) and activating transcription factor 4 (ATF-4), these proteins are also 
responsible for the elimination of ROS through transcriptional regulation. ERO-1 usually facilitates 
ROS formation inside the ER [19,20]. Indeed, disulfide-bond formation involving ERO-1 contributes 
significantly to the total production of ROS in the cell [20]. In addition, overexpression of ERO-1 
protein shifts the redox state of PDI towards the oxidized form, which also influences oxidation of PDI 
substrates. During disulfide bond formation, electrons pass several thiol-disulfide exchange reactions, 
the thiols of the substrates, PDI and ERO-1 before reaching the molecular oxygen. Incomplete 
reduction of oxygen results in the formation of superoxide anion radicals, which can be transformed to 
H2O2 or converted to other ROS. As mentioned above, the oxidative folding process is a major folding 
mechanism in ER physiology. ER stress-associated oxido/reduction environment may also be 
correlated with ER stress-associated ROS. 

2.3. ER Associated ROS Production under ER Stress 

There is disagreement on whether unfolded proteins in the ER lumen are sufficient to activate 
oxidative stress. Two mechanisms have been proposed for ROS generation during disulfide bond 
formation. First, ROS are formed as a byproduct during the transfer of electrons from protein thiol to 
molecular oxygen by ERO-1 and PDI. Alternatively, ROS is generated during protein misfolding due 
to the depletion of GSH [7,21]. After utilizing GSH, thiols are repaired enabling them to interact with 
ERO-1/PDI and to be re-oxidized. These steps would produce repetitive cycles of disulfide bond 
breakage and formation, with each cycle generating more ROS as a byproduct [6]. Thus proteins with 
multiple disulfide bonds may be more susceptible to generating higher levels of oxidative stress. The 
second mechanism argues that ROS are generated by unfolded proteins independent of the formation 

2_|_ 

of disulfide bonds. Accordingly, accumulation of unfolded proteins in the ER elicits Ca leakage into 
the cytosol, increasing ROS production in the mitochondria [8]. Since protein folding and refolding in 
the ER lumen are highly energy-dependent processes, ATP depletion consequential to 
protein misfolding may stimulate mitochondrial oxidative phosphorylation to increase ATP and 
ROS production. 

ER protein oxidation and mitochondrial oxidative phosphorylation are well-described ROS sources 
during ER stress. Meanwhile, the role of ER stress-associated NADPH oxidase(s) as a potential ROS 
source is not yet fully clarified. It is of note, however, that NADPH oxidase 4 (Nox4), one of the 
NADPH oxidase isoforms, has recently been implicated as a possible ROS source during strokes [22]. 
Nox4 is also induced in human vascular smooth cells during the ER stress caused by the oxygenated 
lipid product, 7-ketocholesterol or tunicamycin [23]. Additionally, in endothelial cells transfected with 
ER-targeted fluorescent ROS sensors, Nox4 accounts for ER-associated oxidant generation in Tat 
protein transfection or tunicamycin-induced ER stress, but not that caused by thapsigargin or 
dithiothreitol [24]. Furthermore, Nox4-associated ROS alter UPR signaling and promote Ras activation 
(eventually activating RohA) at the cytosolic face of ER. The main functional implication of signaling 
is autophagy such that when either Nox4 or autophagy protein 5 (Atg5) is disabled, cells undergo 
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apoptosis [24]. Notably, there are other studies, which have described the role of Nox4 in ROS 
production in various ER stress inducing disease conditions [7,25,26]. 

2.4. Mitochondria-Associated ROS Production under ER Stress 

The mitochondrial oxidative phosphorylation and electron transport system actively participates 
during mitochondrial ROS generation. Studies have also indicated that ER stress events are correlated 
with the mitochondrial ROS production mechanisms within cells. 

2.4.1. ER Stress-Induced Mitochondrial ROS: Roles of GSH 

The mitochondria contribute significantly to lethal levels of ROS during sustained ER stress. 
Preventing mitochondrial ROS accumulation completely blocks cell death, but not the ER stress 
response. Although ER initiates ROS generation due to ER stress, ROS subsequently affects the 
mitochondrial electron transfer system, amplifying mitochondrial ROS especially during 
severe/sustained ER stress. 

Depletion of GSH (through disulfide bond reduction during ER stress) allows ROS to be generated 
by the mitochondria, contributing to cell death [27,28]. ROS originating from mitochondria may be 
derived from leaky electrons from the electron transfer system. Mitochondria-associated ROS may in 
turn enhance further the ER stress response, thereby amplifying mitochondrial ROS accumulation, 
suggesting a potential signaling mechanism of severe/sustained ER stress-associated ROS and 
mitochondrial dysfunction [29]. Apart from GSH, recent studies have also demonstrated that the 
pyroredoxin IV enzymes present in the ER lumen can abrogate or nullify H2PO2 formed during 
disulfide bond formation [30]. Similar to GSH, this enzyme is also involved in regulation of 
oxido/reduction. Therefore, maintaining the oxido/reduction mechanism may play a regulatory role in 
the production of ER stress-associated ROS. In summary, this information corroborates the notion that 
ER stress initiates oxidative stress primarily in the ER lumen consequential to protein folding or 
misfolding and the depletion of GSH levels (due to excessive utilization of GSH) resulting in ROS 
amplification in the mitochondria. 

2.4.2. ER Stress-Induced Mitochondrial ROS: Role of the Mitochondrial Electron Transfer 
Chain (ETC) System 

The role of mitochondria in ROS generation during ER stress has been well reported. Interference 
of mitochondrial respiration significantly decreases UPR-induced ROS accumulation [31]. This 
phenomenon has been observed in cells treated with tunicamycin, a chemical ER stress inducer, in 
Perk _/ ~ cells or Nrf2 _/ ~ fibroblasts, and in yeasts expressing ERV29, a stress inducing gene required for 
ER associated degradation [32,33]. Similarly, cytochrome c null cells show an attenuated response to 
hypoxic ROS-triggered UPR induction [34]. ER and mitochondria seem to be tuned during ER stress 
through the following methods or factors. Among all, the first factor is location, i.e., close proximity 
between mitochondria and ER supporting the direct physical interaction between the two 
organelles [35]. The second factor is alternation in Ca 2+ regulation [8,31] affecting mitochondrial 
membrane potential, ATP depletion, and ROS formation [22]. The third factor is the specific 
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expression of inducible signals, such as Lon protease, which protects mitochondria by interfering with 
cytochrome c oxidase complex assembly/degradation, and similarly, leads to the induction of NIX (a 

2_|_ 

Bcl-2 family protein that regulates ER/Sarcoplasmic Reticulum (SR) Ca and mitochondrial 
membrane potential) and opening of the mitochondria permeability transition pore (MPTP) [36,37]. 
Therefore, a burst of oxidative stress in the ER lumen initiated by ER stress signals targets the 
mitochondria to further enhance production of ROS, either by increasing cytosolic Ca or by depleting 
ATP, triggering oxidative phosphorylation inside the mitochondria to maximize ROS production 
above threshold levels. 

2.5. Calcium-Related ROS Generation in ER Stress 

Cells have evolved a sophisticated mechanism of intracellular signaling based on localized changes 
in the oxidation state of specific proteins. Since the internal environment of cells is a highly reducing 
state, an increase in the oxidative state can act as an intracellular trigger. Oxidative stress due to 
enhanced ROS levels causes a Ca influx into the cytoplasm from the extracellular environment 
through membrane-linked channels or from the ER/SR through the ER/SR-localized channels, 

2 "I - 2+ 

respectively. An increase in Ca concentrations in the cytoplasm promotes Ca influx into the nuclei 
and mitochondria [10]. Mitochondrial Ca loading can stimulate mitochondrial metabolism and 
subsequently increase generation of ROS. The high mitochondrial ROS level initiates a sequence of 
events in which oxidative stress increases the probability of Ca 2+ release from ER [38]. The very close 
proximity between ER and mitochondria leads to the accumulation of Ca 2+ in the mitochondria [39]. 

2.5.1. Correlation between ER Stress-Induced Ca 2+ Release and ROS in ER 

ER oxidative stress affects Ca release from the ER. GSH and xanthine/xanthine oxidase-induced 

2_|_ 

oxidative stress facilitates Ca release from ER through inositol trisphosphate receptor (IP3R) [40]. 
Since thiols also regulate MPTP opening, it is likely that the redox sensitivity of IP3R and MPTP 
enhances oxidative damage by generating positive feedback to accelerate mitochondrial ROS 
production and to increase ER Ca 2+ release and mitochondrial Ca + loading [41,42]. This process may 
generate more ROS and target the mitochondria for the opening of MPTP [43]. ROS has also been 
suggested to act on Ca 2+ release from ER/SR by cyclic-ADP ribose (cADPR) [44]. At low 
concentrations of ROS, i.e., nM concentrations, ROS acts as a signaling molecule that enhances Ca 
release by stimulating the synthesis of cADPR in concert with calmodulin-sensitized ryanodine 
receptor (RyR) [45]. At higher concentrations, i.e., \iM concentrations, ROS inhibits the function of 
calmodulin, thereby inhibiting RyR [45]. 

2_|_ 

In addition, at the early stage of ER stress, oxidative stress causes the release of Ca from ER, and 

2+ 2+ 

a large portion of the released Ca is taken up by the mitochondria. Elevation of mitochondrial Ca 

2+ 

concentration ([Ca ] m ) within the matrix stimulates mitochondrial metabolism, resulting in the 
production of ROS. ROS can further act as a feedback signal to the ER to enhance the sensitivity of 

2_|_ 

Ca release channels. This mechanism may underlie the manner by which menadione activates 

2_|_ 

repetitive Ca spiking in pancreatic cells or during prolonged ER stress condition [46,47]. 
ROS-dependent sensitization of the release channels may be particularly important in conditions where 

2_|_ 

cells have to generate repetitive Ca spikes for sustained ER stress-induced opening of MPTP [43]. 
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This positive feedback loop will decline when the Ca within the mitochondria matrix returns to the 

2_|_ 

ER. Therefore, the ER/mitochondrial Ca cycle has important implications for the ER stress signaling 
system. Ca passed from the ER to the mitochondria increases metabolism, thereby enhancing the 
ATP supply, and enhances mitochondrial production of ROS signals ER to increase its capacity to 
release Ca 2+ . 

2_j_ 

2.5.2. Correlation between ER Stress-Induced Ca and ROS at Mitochondria 

As discussed above, both ER stress and oxidative stress may increase leakage of Ca + from the ER 

2_|_ 

lumen through generation of ROS. In Ca disturbance studies, ER stress is highly linked with 
ER stress-associated ROS [8]. ER stress-induced ROS may come from the ER-electron coupling 
system, i.e., ERO-la and PDI, intra ER-GSSG/GSH or NADPH-dependent P450 reductase system for 
which the first and latter systems extend to the mitochondria via Ca signaling. 

During ER stress, ER-induced oxidative stress targets Ca release from ER calcium stores. 

2_|_ 

Ca can be both a physiological and a pathological effector of the mitochondria, such that increases of 
[Ca ] m in the mitochondria may alter mitochondrial functions and, eventually, ROS production [48]. 
The increased [Ca ] m can stimulate the tricarboxylic acid cycle and mitochondrial oxidative 
phosphorylation, enhancing ROS output by stimulating the mitochondria to work faster thus 
consuming more O2 in the process. In addition, Ca stimulates nitric oxide synthase (NOS) to generate 
NO, inhibiting complex IV activity, which further enhances ROS generation at Q 0 site in 
complex III [10,49,50]. This signaling axis operates within a physiological concentration of NO. 
Furthermore, other studies also indicate that NO, together with high [Ca ] m , can inhibit mitochondrial 
complex I, resulting in the release of cytochrome c by inducing the opening of MPTP and blocking the 
respiratory chain at complex III, thereby enhancing the production of ROS [51]. On the other hand, 

2_|_ 

Ca may perturb the mitochondrial antioxidant status. Mitochondrial GSH is released very early in 
Ca + -induced MPTP opening, suggesting that a higher amount of Ca 2+ exposed mitochondria may 
generate more ROS because of diminished GSH levels. 

In summary, high ROS levels in the mitochondria further increase Ca release from the ER. 
Furthermore, ROS can also send a feedback signal to sensitize the calcium release channel at the ER 
membrane (Figure 3). This may occur through ROS or reactive nitrogen species that could oxidize a 

2+ 

critical thiol in the RyR, causing its activation and enhancing Ca release from ER. As the 
antioxidative potential of the cell diminishes, the vicious cycle of Ca release continues. ER stress can 
be closely associated with ER-induced oxidative stress or ER stress-triggered mitochondrial ROS, 

2+ 

either by the induction of [Ca ] c or by enhancing ROS production inside the mitochondria, which 
further acts on Ca 2+ release channels of the ER. 
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Figure 3. ER and mitochondrial associated reactive oxygen species (ROS) production 
under ER stress. ROS are generated in the ER as a part of an oxidative folding process 
during electron transfer between protein disulfide isomerase (PDI) and endoplasmic 
reticulum oxidoreductin-1 (ERO-1). ER-induced oxidative stress is further tuned for the 
generation of mitochondrial ROS. Ca 2+ ions released from the ER augments the production 
of mitochondrial ROS which induces the Kreb's cycle to further induce oxidative 
phosphorylation at the electron transport chain (ETC). Moreover, Ca 2+ ions increase 
cytochrome c release impairing electron transfer, altering mitochondrial membrane 
potential and increasing the generation of ROS. 



Nucleus 



Endoplasmic Reticulum 




Mitochondria 



MAM 



e7 V 




OO 




oocxoo 



Cytochrome c 



3. ER Stress Associated Oxidative Stress-Induced Disease 



ER stress is known to be associated with a wide range of diseases including neurodegenerative 
disorders, stroke, bipolar disorder, cardiac disease, cancer, diabetes, and muscle degeneration. The 
roles of ER stress-induced oxidative stress in some of these diseases are described below. Attempts to 
exploit knowledge of ER stress-induced oxidative stress in various ER stress linked disease conditions 
are largely in their infancy, although several possible mechanisms and targets are beginning to 
be understood. 

3.1. Neurodegenerative Disease 

Neurons are thought to be sensitive to protein aggregates. Many reports have stated that ER stress is 
involved in a number of neurodegenerative diseases [52-55]. For instance, disruption of SIL1/BAP, 
a co-chaperone of BiP, results in accumulation of protein aggregates and neurodegeneration [56]. 
However, studies on ER stress-induced oxidative stress due to the UPR-regulated oxidative protein 
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folding machinery or indirect induction of mitochondrial oxidative stress are just beginning to gain 
attention [33]. 

3.1.1. Alzheimer's Disease 

Alzheimer's disease (AD) is the most common form of dementia, resulting in progressive decline of 
intellectual and social abilities and productivity. AD is accompanied by a tremendous amount of cell 
injury and neuron loss in various parts of the brain, including the hippocampus and neurocortex [57]. 
AD is caused by accumulation of [3-amyloid and hyperphosphorylated tau deposition in intracellular 
neurofibrillary tangles (NFTs) {i.e., induction of ER stress) [58,59]. Autopsy studies in the brains of 
patients with AD suggest that the PERK-eIf2a pathway is hyperactive, [60] implying that ER stress is 
activated. Oxidative stress in ageing and ageing-associated disease may also underlie the 
pathophysiology of AD [61]. Consistent with this theory, a study has shown that AD brains exhibit ER 
stress-induced oxidative/nitrosative stress [62]. Thus, PDI is S-nitrosylated in the AD brain compared 
to control brains. S-nitrosylation of PDI facilitates further oxidation of cystein residues to sulfenic 
(-SOH), sulfuric (-S0 2 H), and sulfonic (-S0 3 H) acid PDI derivatives. These redox modifications 
enhance ER oxidative stress, inhibiting the PDI chaperone/protein folding function that leads to protein 
misfolding and ER stress. In AD, [3-amyloid aggregation induces ER stress, altering ER and 
mitochondrial morphology and increasing ER oxidative stress [63]. This condition aids the 
upregulation of the mitochondria associated ER membrane (MAM) function at the ER-mitochondrial 
interface and enhances the cross-talk between the two organelles [64]. Moreover, it could also result in 
the dissipation of mitochondrial membrane potential, further increasing the production of ROS. 
Galantamine, an ER stress protective agent, has been shown to block ROS production [65]. 
Antioxidants such as vitamin E (a-tocopherol), vitamin C, and [3-carotine, have good records of 
decreasing free-radical-mediated damage caused by toxic chain reaction in neuronal cells and of 
helping to prevent Alzheimer's disease in mice as well as humans [66-68]. 

3.1.2. Parkinson's Disease 

Parkinson's disease (PD) is second only to AD in the prevalence of neurodegenerative disorders. This 
disease has been characterized by selective loss of dopaminergic neurons and the presence of parkin, 
a-synuclein, and ubiquitin accumulation in Lewy bodies [69,70]. Patients with juvenile-onset Parkinson's 
disease show hereditary mutations in the ER-associated E3 ubiquitin ligase Parkin [71]. This Parkin has 
also been closely associated with ER-stress-induced cell death. Accumulation of misfolded proteins during 
PD induces ER stress thereby upregulating UPR [72]. ER stress can lead to oxidative damage by inducing 
the function of oxidative protein folding enzymes such as EROl. This enzyme participates in protein 
disulfide bond formation during protein refolding in the ER in order to relieve ER stress. As stated above, 
more ROS is produced during this process. Egawa et al. have elucidated the relationship between ER stress 
and oxidative stress during PD [73]. This study has shown that ATF6a, an ER-membrane-bound 
transcription factor, has been shown to be activated by protein misfolding in the ER in order to protect 
dopaminergic neurons from MPTP In addition, Huntington's disease, prion-based diseases, polyglutamine 
disease, transmissible spongiform encephalopathies, amylotropic lateral sclerosis and neuronal storage 
disease are other neurodegenerative disorders in which ER stress plays a role in their pathophysiology. 
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Further studies are required to identify the mechanism by which ER stress-induced ROS influences the 
development of these diseases. Antioxidants such as dibenzoylmethane (DMB) derivative compounds are 
identified as ER stress regulators and novel neuroprotective agents by Takano et al. The DMB derivative 
14-26 (2-2'-dimethoxy dibenzoylmethane) showed neuroprotective properties in a 6-hydroxy dopamine 
lesion mouse model of PD [74]. 

3.1 .3. ER Stress and Age-Related Macular Degeneration 

Age-related macular degeneration (AMD) is a leading cause of visual impairment in the 
elderly [75]. Misfolded protein induced ER stress in the retinal pigmented epithelium and/or choroid 
could lead to chronic oxidative stress, complementing deregulation and AMD [76]. Induction of UPR 
and oxidative stress enhance the production of pro-inflammatory mediators including prostaglandins, 
leukotrines and tumor necrosis factor a [77] and the de-repression of nuclear factor kappa B [78]. 
ER stress and oxidative stress can also activate systemic and local inflammation cascades directly 
implicated in AMD pathogenesis [79]. There is also a report of oral antioxidants used for the treatment 
of AMD [80]. A study was conducted in over 3000 subjects, observing the effects of high doses of 
antioxidants including B-carotene, vitamin C and E along with zinc. The outcome was an odds-risk 
reduction of 33% in the highest risk group of developing progression of severe AMD. Apart from this, 
addition of antioxidants such as a-tocopherol, lycopene, zeaxanthin and lutein assisted to significantly 
reduce the lipofuscin content in cultured retinal pigment epithelium (RPE) cells [81]. 

3.2. Cardiovascular Disease 

The role of ER stress in heart diseases is quite well known. Pressure overload by transverse aortic 
constriction induces the expression of ER chaperones and ER stress in cardiomyocytes [82]. Since 
cellular Ca homeostasis is also crucial for both ER and cardiomyocyte-specific functions, ER stress 
events and cardiovascular diseases are very closely related. 

3.2.1. ER Stress and Cardiac Hypertrophy and Heart Failure 

Heart failure and cardiac hypertrophy are closely related to ER stress [83]. Morphological 
development of the ER is one of the characteristic histological findings during heart failure [84]. 
Hypoxia, oxidative stress and enhanced protein synthesis in failing hearts could all potentiate ER stress. 
A marked increase in GRP78 and XBP-1 expression suggested that UPR activation was associated 
with the pathophysiology of heart failure in humans [82,85]. Recently, it has been demonstrated that 
the sarco/endoplasmic reticulum calcium-ATPase isoform 3f (SERCA3f) is up-regulated in failing 
human hearts [86]. Interestingly, overexpression of SERCA3f induced ER stress and regulated the 
release of Ca 2+ from the ER. Meanwhile, treatment with a calcium ATPase inhibitor, thapsigargin, in 
wild-type and transgenic mice with cardiac-specific overexpression of an active mutant of 
Akt (MyAkt) caused Ca 2+ release from the heart and compromised echocardiographic parameters, 
(i.e., elevated left ventricular end-systolic diameter and reduced fractional shortening), suppressed 
cardiomyocyte contractile function and intracellular Ca + handling, and enhanced carbonyl formation, 
superoxide production, NADPH oxidase expression and mitochondrial damage [87]. In another study, 
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treatment with an ^-adrenergic receptor ((3-AR) blocker in mice with cardiac hypertrophy and heart 
failure reduced mortality [88]. Chronic sympathetic hyperactivity in heart failure causes sustained 
[3-AR activation, which can deplete Ca 2+ in the ER leading to ER stress. [3-AR blockade significantly 
suppresses overactivation of CaMKII in failing hearts, thus inhibiting ER stress and cardiac 
hypertrophy [88]. 

3.2.2. ER Stress and Atherosclerosis 

Elevated triglycerides and hypercholesterolemia induces ER stress in vascular cells [89]. UPR is 
induced in endothelial cells by oxidized lipids, and UPR components ATF4 and XBP1 have been 
involved in ER-stress-induced cytokine generation through these vascular cells [90]. Similarly, 
addition of macrophages with cholesterol was shown to induce ER stress, enhancing expression of 
cytokines in presence of C/EBP homologous protein (CHOP) induction [91], which further implicates 
the UPR in the atherosclerosis mechanism. Abnormal deposition of free cholesterol in coronary 
arteries is toxic to many different vascular cell types, including macrophages, endothelial cells, and 
smooth muscle cells [92,93]. This condition leads to apoptosis of vascular cells, which is believed to 
promote atherosclerosis [94]. The generation of ROS in endothelial cells due to ER stress induction is 
another factor that contributes to the development of atherosclerosis. Recent studies have shown that 
paraoxonase 2 (PON2), an ER resident enzyme expressed in all vascular cell types, reduces ROS 
generation in the ER [95,96]. Similarly, treatment with a chemical chaperone phenylbutyric acid, a 
widely accepted ER stress protective agent, ameliorated ER stress-induced production of ROS and also 
ER stress during glucolipotoxicity or tunicamycin- induced ER stress in human monocytes [97]. 

3.2.3. ER Stress and Ischemic Heart Disease 

UPR markers, including expression of GRP78, XBP-1 and PDI, are induced during myocardial 
infarction (ischemia-reperfusion injury) in mouse hearts [98]. Conversely, induction of ER chaperones, 
especially GRP78, underline the phenomenon of preconditioning in the heart, in which exposure to a 
transient episode of brief ischemia provides subsequent protection from a sustained ischemic 
challenge [99]. Reduced blood flow resulting from arterial occlusion or cardiac arrest is closely 
associated with tissue hypoxia and hypoglycemia that cause protein misfolding and ER stress. 
Reperfusion of the affected tissues triggers oxidative stress, with production of NO and other reactive 
oxygen species that result in protein misfolding [100]. NO and other reactive molecules may also 
modify oxidizable residues such as cysteine in ER-associated Ca channels including ryanodine 
receptors and SERCAs, causing ER Ca 2+ depletion, yet another cause of protein misfolding [101]. 
Edaravone, a potent free-radical scavenger, is well-known for its protective action against lipid 
peroxidation. Qi et al. were the first to demonstrate its ability to protect cells against ER stress induced 
hypoxia/ischemia dysfunction by decreasing p-elf2a and inhibiting CHOP [102]. 

3.3. Liver Disease 

ER stress response also contributes to the pathogenesis of chronic viral hepatitis [103], nonalcoholic 
fatty liver disease [28], and alcoholic fatty liver disease [104] via hyperhomocysteinemia. Hepatic steatosis 
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is common in patients with severe hyperhomocysteinemia due to deficiency of cystathionine 
beta-synthase [105,106]. Similarly, in early acute liver disease (ALD), GSH was significantly decreased 
due to increased GSH utilization and increased protein glutathionylation [107]. This enhances the primary 
pathogenic role of ER oxidative stress during the initiation of ALD via ER stress. 

3.3.1. Hepatitis 

Hepatitis is closely related with ER stress and initiation of ER stress-induced oxidative stress. The 
hepatitis C virus (HCV) protein core, NS3 and NS5A have been shown to induce oxidative stress in 
cultured cells [108]. UPR pathways were activated including IRE1 and elf2a phosphorylation, ATF6 
cleavage and XBP-1 splicing in HCV-transgenic mice as well as HuH7.5.1 cellular system [109]. 
Downstream target genes including GADD34, ERdj4, p58ipk, ATF3 and ATF4 were unregulated and 
CHOP, a UPR regulated protein, was activated and translocated to the nucleus. HCV proteins 
associated with the ER membrane also induces ER stress [110]. Especially HCV replication induces 
transfer of high amounts of cholesterol into the ER, causing massive oxidative stress during protein 
folding. This ER stress-induced oxidative stress further induces Ca 2+ release from the ER, enhancing 
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mitochondrial Ca uptake and the induction of mitochondrial ROS production [111]. It is known that 
nuclear factor-KB (NF-kB), the signal transducer and activator of transcription 2 (STAT-2) and other 
signaling molecules mediate these events [112,113]. On the other hand, a recent report has also 
demonstrated that hepatocyte Nox4 protein acts as a persistent and endogenous source of ROS in 
HCV-induced pathogenesis [114]. 

3.3.2. Diabetes 

Accumulating evidence suggests that ER stress plays a role in the pathogenesis of diabetes, 
contributing to pancreatic [3-cell loss and insulin resistance [115]. [3-cells have a function in secreting 
large amounts of insulin and other glycoproteins, so they possess an extremely well-developed ER. 
This secretory function of [3-cells may explain why mice lacking PERK are likely to have diabetes, 
undergoing apoptosis of their (3-cells and suffering from progressive hyperglycemia with ageing [116]. 
In Wolcott-Rallison Syndrome, PERK gene mutations occur where the ER cannot fold new proteins 
entering in it, leading to the accumulation of misfolded proteins, excessive stress generation and finally 
to cell death [117]. Similarly, infant-onset diabetes has been confirmed in humans as well as PERK _/ ~ 
mice in which patients exhibit massive [3-cell loss at autopsy. Apart from this, elf2a knock-in mice 
also suffer from [3-cell depletion during infant stages in a more rapid manner than PERK _/ ~ mice [118]. 
Components of UPR in [3-cells act as beneficial regulators under physiological conditions or as triggers 
of [3-cell dysfunction and apoptosis during chronic stress. Pancreatic [3-cells have an enormous capacity 
to synthesize and secrete insulin, rendering them vulnerable to chronic high glucose and fatty acids 
contributing to [3-cell failure in Type 2 diabetes [119]. ER proteins, especially chaperones or folding 
sensor proteins that control protein folding, can also be modified by oxidation or glycation and may 
induce ER oxidative stress [120]. Recently, antioxidants such as MitoTempol and Mitoquinine 
prevented pancreatic b-cell death in cell models of glucolipotoxicity and glucotoxicity associated 
Type 2 diabetes [121]. Thus inhibition of oxidative stress could also prevent ER stress induced diabetes. 
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3.4. Kidney Disease 

ER stress also contributes to the induction of age-related senescence phenotype, including renal 
fibrosis. Since ER resident proteins are highly susceptible to oxidative stress, age-related accumulation 
of oxidative carbonylated GRP78 or PDI causes ER dysfunction-induced diseases [122]. Similarly, the 
ER stress surrogate marker Grp78 was found to be highly up-regulated in immunohistochemistry 
profiles of kidney biopsy specimens from seven patients with UMOD-related kidney disease [123]. 
Oxidant-mediated protein damage is frequently observed in uremic patients. Moreover, regulation of 
protein damage has been suggested to predict the potential efficacy of therapeutic strategies aimed at 
reducing oxidative stress [124]. Similarly, Nox induces oxidative stress to assist occurrence of ER 
stress during renal dysfunction [125]. Apart from this, the generation of ER-induced oxidative stress is 
also observed during the misfolding and aggregation of coagulation factor VIII, a protein which is 
deficient in the ER in hemophilia A [126]. 

4. Conclusions 

The mammalian cell has evolved a complex and intertwined set of signaling pathways to respond to 
both physiological and pathological ER stress. Although these pathways are not yet fully characterized, 
it is becoming clear that ER stress-induced oxidative stress and UPR are intimately involved in the 
pathology of various diseases. Because a number of UPR mechanisms have been implicated in many 
diseases, it is necessary to identify the components of ER stress that respond to targets and the 
particular stage of the disease by which it is activated. 

Acknowledgments 

This study was supported by grant (1201 1000350) from the National Research Foundation of Korea 
2012. The authors apologize to all those investigators whose work was not cited due to oversight or 
space constraints. 

Conflict of Interest 

The authors declare no conflict of interest. 
References 

1. Smith, M.H.; Ploegh, H.L.; Weissman, J.S. Road to ruin: Targeting proteins for degradation in 
the endoplasmic reticulum. Science 2011, 334, 1086-1090. 

2. Araki, K.; Nagata, K. Protein folding and quality control in the ER. Cold Spring Harbor 
Perspect. Biol. 2012, 4, a015438. 

3. Fazi, B.; Melino, S.; De Rubeis, S.; Bagni, C; Paci, M.; Piacentini, M.; Di Sano, F. Acetylation 
of RTN-1C regulates the induction of ER stress by the inhibition of HDAC activity in 
neuroectodermal tumors. Oncogene 2009, 28, 3814-3824. 

4. Ushioda, R.; Hoseki, J.; Araki, K.; Jansen, G.; Thomas, D.Y.; Nagata, K. ERdj5 is required as a 
disulfide reductase for degradation of misfolded proteins in the ER. Science 2008, 321, 569-572. 



Int. J. Mol. Sci. 2013, 14 



448 



5. Yoshida, H. ER stress and diseases. FEBS J. 2007, 274, 630-658. 

6. Higa, A.; Chevet, E. Redox signaling loops in the unfolded protein response. Cell Signal 2012, 
24, 1548-1555. 

7. Santos, C.X.; Tanaka, L.Y.; Wosniak, J.; Laurindo, F.R. Mechanisms and implications of 
reactive oxygen species generation during the unfolded protein response: roles of endoplasmic 
reticulum oxidoreductases, mitochondrial electron transport, and NADPH oxidase. Antioxid. 
Redox Signal. 2009, 11, 2409-2427. 

8. Malhotra, J.D.; Kaufman, R.J. Endoplasmic reticulum stress and oxidative stress: A vicious cycle 
or a double-edged sword? Antioxid. Redox Signal. 2007, 9, 2277-2293. 

9. Perjes, A.; Kubin, A.M.; Konyi, A.; Szabados, S.; Cziraki, A.; Skoumal, R.; Ruskoaho, H.; 
Szokodi, I. Physiological regulation of cardiac contractility by endogenous reactive oxygen 
species. Acta Physiol. (Oxf) 2012, 205, 26-40. 

10. Murphy, M.P. How mitochondria produce reactive oxygen species. Biochem. J. 2009, 417, 1-13. 

11. Sanz, A.; Scialo, F.; Mallikarjun, V.; Stefanatos, R. Regulation of lifespan by the mitochondrial 
electron transport chain: ROS-dependent and ROS-independent mechanisms. Antioxid. Redox 
Signal. 2012, in press. 

12. Moroder, L.; Besse, D.; Musiol, H.J.; RudolphBohner, S.; Siedler, F. Oxidative folding of 
cystine-rich peptides vs. regioselective cysteine pairing strategies. Biopolymers 1996, 40, 
207-234. 

13. Chatzi, A.; Tokatlidis, K. The mitochondrial intermembrane space: A hub for oxidative folding 
linked to protein biogenesis. Antioxid. Redox Signal. 2012, in press. 

14. Hwang, C; Sinskey, A.J.; Lodish, H.F. Oxidized redox state of glutathione in the endoplasmic 
reticulum. Science 1992, 257, 1496-1502. 

15. Van der Vlies, D.; Makkinje, M.; Jansens, A.; Braakman, I.; Verkleij, A.J.; Wirtz, K.W.; 
Post, JA. Oxidation of ER resident proteins upon oxidative stress: Effects of altering cellular 
redox/antioxidant status and implications for protein maturation. Antioxid. Redox Signal. 2003, 5, 
381-387. 

16. Lisa, S.; Domingo, B.; Martinez, J.; Gilch, S.; Llopis, J.F.; Schatzl, H.M.; Gasset, M. Failure of 
prion protein oxidative folding guides the formation of toxic transmembrane forms. J. Biol. 
Chem. 2012, 287, 36693-36702. 

17. Sideraki, V.; Gilbert, H.F. Mechanism of the antichaperone activity of protein disulfide 
isomerase: Facilitated assembly of large, insoluble aggregates of denatured lysozyme and PDI. 
Biochemistry 2000, 39, 1 180-1 188. 

18. Gross, E.; Kastner, D.B.; Kaiser, C.A.; Fass, D. Structure of Erolp, source of disulfide bonds for 
oxidative protein folding in the cell. Cell 2004, 117, 601-610. 

19. Cullinan, S.B.; Diehl, JA. PERK-dependent activation of Nrf2 contributes to redox homeostasis 
and cell survival following endoplasmic reticulum stress. J. Biol. Chem. 2004, 279, 
20108-20117. 

20. Harding, H.P.; Zhang, Y.; Zeng, H.; Novoa, I.; Lu, P.D.; Calfon, M.; Sadri, N.; Yun, C; 
Popko, B.; Paules, R.; et al. An integrated stress response regulates amino acid metabolism and 
resistance to oxidative stress. Mol. Cell 2003, 11, 619-633. 



Int. J. Mol. Sci. 2013, 14 



449 



21. Tu, B.P.; Weissman, J.S. The FAD- and 0(2)-dependent reaction cycle of Erol -mediated 
oxidative protein folding in the endoplasmic reticulum. Mol. Cell 2002, 10, 983-994. 

22. Radermacher, K.A.; Wingler, K.; Langhauser, F.; Altenhofer, S.; Kleikers, P.; Hermans, R.; 
Hrabe de Angelis, M.; Kleinschnitz, C; Schmidt, H.H. Neuroprotection after stroke by targeting 
NOX4 as a source of oxidative stress. Antioxid. Redox Signal. 2012, in press. 

23. Pedruzzi, E.; Guichard, C; Ollivier, V.; Driss, F.; Fay, M.; Prunet, C; Marie, J.C.; Pouzet, C; 
Samadi, M.; Elbim, C; et al. NAD(P)H oxidase Nox-4 mediates 7-ketocholesterol- induced 
endoplasmic reticulum stress and apoptosis in human aortic smooth muscle cells. Mol. Cell. Biol. 
2004, 24, 10703-10717. 

24. Wu, R.F.; Ma, Z.; Liu, Z.; Terada, L.S. Nox4-derived H2O2 mediates endoplasmic reticulum 
signaling through local Ras activation. Mol. Cell. Biol. 2010, 30, 3553-3568. 

25. Amanso, A.M.; Debbas, V.; Laurindo, F.R. Proteasome inhibition represses unfolded protein 
response and Nox4, sensitizing vascular cells to endoplasmic reticulum stress-induced death. 
PLoSOne 2011, 6, el4591. 

26. Loughlin, D.T.; Artlett, CM. Precursor of advanced glycation end products mediates 
ER-stress-induced caspase-3 activation of human dermal fibroblasts through NAD(P)H oxidase 
4. PLoS One 2010, 5, el 1093. 

27. Chen, G.; Chen, Z.; Hu, Y.; Huang, P. Inhibition of mitochondrial respiration and rapid depletion 
of mitochondrial glutathione by beta-phenethyl isothiocyanate: Mechanisms for anti-leukemia 
activity. Antioxid. Redox Signal. 2011, 15, 2911-2921. 

28. Lee, G.H.; Bhandary, B.; Lee, E.M.; Park, J.K.; Jeong, K.S.; Kim, I.K.; Kim, H.R.; Chae, H.J. 
The roles of ER stress and P450 2E1 in CCl(4)-induced steatosis. Int. J. Biochem. Cell Biol. 
2011, 43, 1469-1482. 

29. Yoon, H.; Kim, D.S.; Lee, G.H.; Kim, K.W.; Kim, H.R.; Chae, H.J. Apoptosis induced by 
manganese on neuronal SK-N-MC cell line: Endoplasmic reticulum (ER) stress and 
mitochondria dysfunction. Environ. Health Toxicol. 2011, 26, e2011017. 

30. Tavender, T.J.; Bulleid, N.J. Peroxiredoxin IV protects cells from oxidative stress by removing 
H2O2 produced during disulphide formation. J. Cell Sci. 2010, 123, 2672-2679. 

31. Bravo, R.; Vicencio, J.M.; Parra, V.; Troncoso, R.; Munoz, J.P.; Bui, M.; Quiroga, C; 
Rodriguez, A.E.; Verdejo, H.E.; Ferreira, J.; et al. Increased ER-mitochondrial coupling 
promotes mitochondrial respiration and bioenergetics during early phases of ER stress. J. Cell 
Sci. 2011, 124, 2143-2152. 

32. Cullinan, S.B.; Diehl, JA. Coordination of ER and oxidative stress signaling: The PERK/Nrf2 
signaling pathway. Int. J. Biochem. Cell Biol. 2006, 38, 317-332. 

33. Haynes, CM.; Titus, E.A.; Cooper, A. A. Degradation of misfolded proteins prevents ER-derived 
oxidative stress and cell death. Mol. Cell 2004, 15, 767-776. 

34. Liu, L.; Wise, D.R.; Diehl, J.A.; Simon, M.C Hypoxic reactive oxygen species regulate the 
integrated stress response and cell survival. J. Biol. Chem. 2008, 283, 31 153-31 162. 

35. Raturi, A.; Simmen, T. Where the endoplasmic reticulum and the mitochondrion tie the knot: 
The mitochondria-associated membrane (MAM). Biochim. Biophys. Acta 2012, 1833, 213-224. 



Int. J. Mol. Sci. 2013, 14 



450 



36. Diwan, A.; Matkovich, S.J.; Yuan, Q.; Zhao, W.; Yatani, A.; Brown, J.H.; Molkentin, J.D.; 
Kranias, E.G.; Dorn, G.W. 2nd Endoplasmic reticulum-mitochondria crosstalk in NIX-mediated 
murine cell death. J. Clin. Invest. 2009, 119, 203-212. 

37. Chen, Y.; Lewis, W.; Diwan, A.; Cheng, E.H.; Matkovich, S.J.; Dorn, G.W. 2nd Dual 
autonomous mitochondrial cell death pathways are activated by Nix/BNip3L and induce 
cardiomyopathy. Proc. Natl. Acad. Sci. USA 2010, 107, 9035-9042. 

38. Moserova, I.; Kralova, J. Role of ER stress response in photodynamic therapy: ROS generated in 
different subcellular compartments trigger diverse cell death pathways. PLoS One 2012, 
7, e32972. 

39. Dolai, S.; Pal, S.; Yadav, R.K.; Adak, S. Endoplasmic reticulum stress-induced apoptosis in 
Leishmania through Ca -dependent and caspase-independent mechanism. J. Biol. Chem. 2011, 
286, 13638-13646. 

40. Cioffi, D.L. Redox regulation of endothelial canonical transient receptor potential channels. 
Antioxid. Redox Signal. 2011, 15, 1567-1582. 

41. Luciani, D.S.; Gwiazda, K.S.; Yang, T.L.; Kalynyak, T.B.; Bychkivska, Y.; Frey, M.H.; 
Jeffrey, K.D.; Sampaio, A.V.; Underbill, T.M.; Johnson, J.D. Roles of IP3R and RyR Ca 2+ 
channels in endoplasmic reticulum stress and beta-cell death. Diabetes 2009, 58, 422-432. 

42. Lock, J.T.; Sinkins, W.G.; Schilling, W.P. Protein S-glutathionylation enhances Ca 2+ -induced 

Ca 2+ release via the IP3 receptor in cultured aortic endothelial cells. J. Phys. 2012, 590, 
343I-3447. 

43. Jacobson, J.; Duchen, M.R. Mitochondrial oxidative stress and cell death in 

2_|_ 

astrocytes — Requirement for stored Ca and sustained opening of the permeability transition 
pore. J. Cell Sci. 2002, 115, 1175-1188. 

44. Yamasaki-Mann, M.; Demuro, A.; Parker, I. Modulation of endoplasmic reticulum Ca store 
filling by cyclic ADP-ribose promotes inositol trisphosphate (IP3)-evoked Ca signals. J. Biol. 
Chem. 2010, 285, 25053-25061. 

45. Okabe, E.; Tsujimoto, Y.; Kobayashi, Y. Calmodulin and cyclic ADP-ribose interaction in Ca 
signaling related to cardiac sarcoplasmic reticulum: Superoxide anion radical-triggered Ca 
release. Antioxid. Redox Signal. 2000, 2, 47-54. 

46. Gerasimenko, J.V.; Gerasimenko, O.V.; Palejwala, A.; Tepikin, A.V.; Petersen, O.H.; 
Watson, A.J. Menadione-induced apoptosis: Roles of cytosolic Ca( ) elevations and the 
mitochondrial permeability transition pore. J. Cell Sci. 2002, 115, 485-497. 

47. Li, G.; Mongillo, M.; Chin, K.T.; Harding, H.; Ron, D.; Marks, A.R.; Tabas, I. Role of 
EROl -alpha-mediated stimulation of inositol 1,4,5-triphosphate receptor activity in endoplasmic 
reticulum stress-induced apoptosis. J. Cell Biol. 2009, 186, 783-792. 

48. Gorlach, A.; Klappa, P.; Kietzmann, T. The endoplasmic reticulum: Folding, calcium 
homeostasis, signaling, and redox control. Antioxid. Redox Signal. 2006, 8, 1391-1418. 

49. Meares, G.P.; Hughes, K.J.; Naatz, A.; Papa, F.R.; Urano, F.; Hansen, PA.; Benveniste, E.N.; 
Corbett, JA. IRE 1 -dependent activation of AMPK in response to nitric oxide. Mol. Cell Biol. 
2011, 31, 4286-4297. 

50. Xu, W.; Liu, L.; Charles, I.G.; Moncada, S. Nitric oxide induces coupling of mitochondrial 
signalling with the endoplasmic reticulum stress response. Nat. Cell Biol. 2004, 6, 1 129-1 134. 



Int. J. Mol. Sci. 2013, 14 



451 



51. Jekabsone, A.; Ivanoviene, L.; Brown, G.C.; Borutaite, V. Nitric oxide and calcium together 
inactivate mitochondrial complex I and induce cytochrome c release. J. Mol. Cell. Cardiol. 2003, 
35, 803-809. 

52. Doyle, K.M.; Kennedy, D.; Gorman, A.M.; Gupta, S.; Healy, S.J.; Samali, A. Unfolded proteins 
and endoplasmic reticulum stress in neurodegenerative disorders. J. Cell. Mol. Med. 2011, 15, 
2025-2039. 

53. Wang, S.; Kaufman, R.J. The impact of the unfolded protein response on human disease. J. Cell 
Biol. 2012, 197, 857-867. 

54. Hoozemans, J.J.; Scheper, W. Endoplasmic reticulum: The unfolded protein response is tangled 
in neurodegeneration. Int. J. Biochem. Cell Biol. 2012, 44, 1295-1298. 

55. Matus, S.; Glimcher, L.H.; Hetz, C. Protein folding stress in neurodegenerative diseases: A 
glimpse into the ER. Curr. Opin. Cell Biol. 2011, 23, 239-252. 

56. Howes, J.; Shimizu, Y.; Feige, M.J.; Hendershot, L.M. C-terminal mutations destabilize 
SIL1/BAP and can cause Marinesco-Sjogren syndrome. J. Biol. Chem. 2012, 287, 8552-8560. 

57. Hoozemans, J.J.; van Haastert, E.S.; Nijholt, DA.; Rozemuller, A.J.; Eikelenboom, P.; 
Scheper, W. The unfolded protein response is activated in pretangle neurons in Alzheimer's 
disease hippocampus. Am. J. Pathol. 2009, 174, 1241-1251. 

58. De Strooper, B.; Voet, T. Alzheimer's disease: A protective mutation. Nature 2012, 488, 38-39. 

59. Graff, J.; Rei, D.; Guan, J.S.; Wang, W.Y.; Seo, J.; Hennig, KM.; Nieland, T.J.; Fass, D.M.; 
Kao, P.F.; Kahn, M.; et al. An epigenetic blockade of cognitive functions in the 
neurodegenerating brain. Nature 2012, 483, 222-226. 

60. Unterberger, U.; Hoftberger, R.; Gelpi, E.; Flicker, H.; Budka, H.; Voigtlander, T. Endoplasmic 
reticulum stress features are prominent in Alzheimer's disease but not in prion diseases in vivo. 
J. Neuropathol. Exp. Neurol. 2006, 65, 348-357. 

61. Jonsson, T.; Atwal, J.K; Steinberg, S.; Snaedal, J.; Jonsson, P.V.; Bjornsson, S.; Stefansson, H.; 
Sulem, P.; Gudbjartsson, D.; Maloney, J.; et al. A mutation in APP protects against Alzheimer's 
disease and age-related cognitive decline. Nature 2012, 488, 96-99. 

62. Uehara, T.; Nakamura, T.; Yao, D.; Shi, Z.Q.; Gu, Z.; Ma, Y.; Masliah, E.; Nomura, Y.; 
Lip ton, SA. S-nitrosylated protein-disulphide isomerase links protein misfolding to 
neurodegeneration. Nature 2006, 441, 513-517. 

63. Ferreiro, E.; Baldeiras, I.; Ferreira, I.L.; Costa, R.O.; Rego, A.C.; Pereira, C.F.; Oliveira, C.R. 
Mitochondrial- and endoplasmic reticulum-associated oxidative stress in Alzheimer's disease: 
From pathogenesis to biomarkers. Int. J. Cell Biol. 2012, 2012, 735206. 

64. Area-Gomez, E.; Del Carmen Lara Castillo, M.; Tambini, M.D.; Guardia-Laguarta, C; 
de Groof, A.J.; Madra, M.; Ikenouchi, J.; Umeda, M.; Bird, T.D.; Sturley, S.L.; et al. 
Upregulated function of mitochondria-associated ER membranes in Alzheimer disease. EMBO J. 
2012,37,4106-4123. 

65. Liu, X.; Xu, K; Yan, M.; Wang, Y.; Zheng, X. Protective effects of galantamine against 
Abeta- induced PC 12 cell apoptosis by preventing mitochondrial dysfunction and endoplasmic 
reticulum stress. Neurochem. Int. 2010, 57, 588-599. 

66. Sano, M.; Ernesto, C; Thomas, R.G.; Klauber, M.R.; Schafer, K; Grundman, M.; Woodbury, P.; 
Growdon, J.; Cotman, C.W.; Pfeiffer, E.; et al. A controlled trial of selegiline, alpha-tocopherol, 



Int. J. Mol. Sci. 2013, 14 



452 



or both as treatment for Alzheimer's disease. The Alzheimer's disease cooperative study. N. 
Engl. J. Med. 1997, 336, 1216-1222. 

67. Devore, E.E.; Grodstein, F.; van Rooij, F.J.; Hofman, A.; Stampfer, M.J.; Witteman, J.C.; 
Breteler, M.M. Dietary antioxidants and long-term risk of dementia. Archives Neurol. 2010, 67, 
819-825. 

68. Ikeda, T.; Yamamoto, K.; Takahashi, K.; Kaku, Y.; Uchiyama, M.; Sugiyama, K.; Yamada, M. 
Treatment of Alzheimer-type dementia with intravenous mecobalamin. Clin. Ther. 1992, 14, 
426-437. 

69. Quinn, J.G.; Coulson, D.T.; Brockbank, S.; Beyer, N.; Ravid, R.; Hellemans, J.; Irvine, G.B.; 
Johnston, JA. a-Synuclein mRNA and soluble alpha-synuclein protein levels in post-mortem 
brain from patients with Parkinson's disease, dementia with Lewy bodies, and Alzheimer's 
disease. Brain Res. 2012, 1459, 71-80. 

70. Yasuda, T.; Mochizuki, H. The regulatory role of alpha-synuclein and parkin in neuronal cell 
apoptosis; possible implications for the pathogenesis of Parkinson's disease. Apoptosis 2010, 15, 
1312-1321. 

71. Takahashi, R.; Imai, Y.; Hattori, N.; Mizuno, Y. Parkin and endoplasmic reticulum stress. Ann. 
N. Y. Acad. Sci. 2003, 991, 101-106. 

72. Wang, H.Q.; Takahashi, R. Expanding insights on the involvement of endoplasmic reticulum 
stress in Parkinson's disease. Antioxid. Redox Signal. 2007, 9, 553-561. 

73. Egawa, N.; Yamamoto, K.; Inoue, H.; Hikawa, R.; Nishi, K.; Mori, K.; Takahashi, R. The 
endoplasmic reticulum stress sensor, ATF6alpha, protects against neurotoxin-induced 
dopaminergic neuronal death. J. Biol. Chem. 2011, 286, 7947-7957 '. 

74. Takano, K.; Kitao, Y.; Tabata, Y.; Miura, FL; Sato, K.; Takuma, K.; Yamada, K.; Hibino, S.; 
Choshi, T.; Iinuma, M.; et al. A dibenzoylmethane derivative protects dopaminergic neurons 
against both oxidative stress and endoplasmic reticulum stress. Am. J. Physiol. Cell Physiol. 
2007, 293, C1884-C1894. 

75. Ambati, J.; Fowler, B.J. Mechanisms of age-related macular degeneration. Neuron 2012, 75, 
26-39. 

76. Libby, R.T.; Gould, D.B. Endoplasmic reticulum stress as a primary pathogenic mechanism 
leading to age-related macular degeneration. Adv. Exp. Med. Biol. 2010, 664, 403-409. 

77. Hu, P.; Han, Z.; Couvillon, A.D.; Kaufman, R.J.; Exton, J.H. Autocrine tumor necrosis factor 
alpha links endoplasmic reticulum stress to the membrane death receptor pathway through 
IRE 1 alpha-mediated NF-kappaB activation and down-regulation of TRAF2 expression. Mol. 
Cell. Biol. 2006, 26, 3071-3084. 

78. Deng, J.; Lu, P.D.; Zhang, Y.; Scheuner, D.; Kaufman, R.J.; Sonenberg, N.; Harding, H.P.; 
Ron, D. Translational repression mediates activation of nuclear factor kappa B by 
phosphorylated translation initiation factor 2. Mol. Cell. Biol. 2004, 24, 10161-10168. 

79. Dong, A.; Xie, B.; Shen, J.; Yoshida, T.; Yokoi, K; Hackett, S.F.; Campochiaro, PA. Oxidative 
stress promotes ocular neovascularization. J. Cell Physiol. 2009, 219, 544-552. 

80. Chong, E.W.; Wong, T.Y.; Kreis, A.J.; Simpson, J.A.; Guymer, RH. Dietary antioxidants and 
primary prevention of age related macular degeneration: Systematic review and meta-analysis. 
BMJ 2007, 335, 755. 



Int. J. Mol. Sci. 2013, 14 



453 



81. Sundelin, S.P.; Nilsson, S.E. Lipofuscin-formation in retinal pigment epithelial cells is reduced 
by antioxidants. Free Radic Biol. Med. 2001, 31, 217-225. 

82. Okada, K.; Minamino, T.; Tsukamoto, Y.; Liao, Y.; Tsukamoto, O.; Takashima, S.; Hirata, A.; 
Fujita, M.; Nagamachi, Y.; Nakatani, T.; et al. Prolonged endoplasmic reticulum stress in 
hypertrophic and failing heart after aortic constriction: Possible contribution of endoplasmic 
reticulum stress to cardiac myocyte apoptosis. Circulation 2004, 110, 705-712. 

83. Park, C.S.; Cha, H.; Kwon, E.J.; Sreenivasaiah, P.K.; Kim do, H. The chemical chaperone 
4-phenylbutyric acid attenuates pressure-overload cardiac hypertrophy by alleviating 
endoplasmic reticulum stress. Biochem. Biophys. Res. Commun. 2012, 421, 578-584. 

84. Maron, B.J.; Ferrans, V.J.; Roberts, W.C. Ultrastructural features of degenerated cardiac muscle 
cells in patients with cardiac hypertrophy. Am. J. Pathol. 1975, 79, 387-434. 

85. Dally, S.; Monceau, V.; Corvazier, E.; Bredoux, R.; Raies, A.; Bobe, R.; del Monte, F.; Enouf, J. 
Compartmentalized expression of three novel sarco/endoplasmic reticulum Ca 2+ ATPase 3 
isoforms including the switch to ER stress, SERCA3f, in non-failing and failing human heart. 
Cell Calcium 2009, 45, 144-154. 

86. Jiao, Q.; Takeshima, FL; Ishikawa, Y.; Minamisawa, S. Sarcalumenin plays a critical role in 
age-related cardiac dysfunction due to decreases in SERCA2a expression and activity. Cell 
Calcium 2012, 51, 31-39. 

87. Zhang, Y.; Ren, J. Thapsigargin triggers cardiac contractile dysfunction via NADPH 
oxidase-mediated mitochondrial dysfunction: Role of Akt dephosphorylation. Free Radic Biol. 
Med. 2011,57,2172-2184. 

88. Ni, L.; Zhou, C; Duan, Q.; Lv, J.; Fu, X.; Xia, Y.; Wang, D.W. beta-AR blockers suppresses ER 
stress in cardiac hypertrophy and heart failure. PLoS One 2011, 6, e27294. 

89. Glembotski, C.C. Endoplasmic reticulum stress in the heart. Circ Res 2007, 101, 975-984. 

90. Gargalovic, P.S.; Gharavi, N.M.; Clark, M.J.; Pagnon, J.; Yang, W.P.; He, A.; Truong, A.; 
Baruch-Oren, T.; Berliner, J.A.; Kirchgessner, T.G.; et al. The unfolded protein response is an 
important regulator of inflammatory genes in endothelial cells. Arterioscler. Thromb. Vase. Biol. 
2006, 26, 2490-2496. 

91. Li, Y.; Schwabe, R.F.; DeVries-Seimon, T.; Yao, P.M.; Gerbod-Giannone, M.C.; Tall, A.R.; 
Davis, R.J.; Flavell, R.; Brenner, DA.; Tabas, I. Free cholesterol-loaded macrophages are an 
abundant source of tumor necrosis factor-alpha and interleukin-6: Model of NF-kappaB- and 
map kinase-dependent inflammation in advanced atherosclerosis. J. Biol. Chem. 2005, 280, 
21763-21772. 

92. Oh, J.; Riek, A.E.; Weng, S.; Petty, M.; Kim, D.; Colonna, M.; Cella, M.; Bernal-Mizrachi, C. 
Endoplasmic reticulum stress controls M2 macrophage differentiation and foam cell formation. 
J. Biol. Chem. 2012, 287, 11629-11641. 

93. Dickhout, J.G.; Sood, S.K.; Austin, R.C. Role of endoplasmic reticulum calcium disequilibria in 
the mechanism of homocysteine-induced ER stress. Antioxid. Redox Signal. 2007, 9, 1863-1873. 

94. Tabas, I. Macrophage apoptosis in atherosclerosis: Consequences on plaque progression and the 
role of endoplasmic reticulum stress. Antioxid. Redox Signal. 2009, 11, 2333-2339. 



Int. J. Mol. Sci. 2013, 14 



454 



95. Horke, S.; Witte, I.; Wilgenbus, P.; Kruger, M.; Strand, D.; Forstermann, U. Paraoxonase-2 
reduces oxidative stress in vascular cells and decreases endoplasmic reticulum stress-induced 
caspase activation. Circulation 2007, 115, 2055-2064. 

96. Devarajan, A.; Grijalva, V.R.; Bourquard, N.; Meriwether, D., 3rd; Imaizumi, S.; Shin, B.C.; 
Devaskar, S.U.; Reddy, S.T. Macrophage paraoxonase 2 regulates calcium homeostasis and cell 
survival under endoplasmic reticulum stress conditions and is sufficient to prevent the 
development of aggravated atherosclerosis in paraoxonase 2 deficiency/apoE( _/ ~) mice on a 
Western diet. Mol. Genet. Metab. 2012, 107, 416-427. 

97. Lenin, R.; Maria, M.S.; Agrawal, M.; Balasubramanyam, J.; Mohan, V.; Balasubramanyam, M. 
Amelioration of glucolipotoxicity-induced endoplasmic reticulum stress by a "chemical 
chaperone" in human THP-1 monocytes. Exp. Diabetes Res. 2012, 2012, 356487. 

98. Thuerauf, D.J.; Marcinko, M.; Gude, N.; Rubio, M.; Sussman, M.A.; Glembotski, C.C. 
Activation of the unfolded protein response in infarcted mouse heart and hypoxic cultured 
cardiac myocytes. Circ. Res. 2006, 99, 275-282. 

99. Shintani-Ishida, K.; Nakajima, M.; Uemura, K.; Yoshida, K. Ischemic preconditioning protects 
cardiomyocytes against ischemic injury by inducing GRP78. Biochem. Biophys. Res. Commun. 
2006, 345, 1600-1605. 

100. Gotoh, T.; Mori, M. Nitric oxide and endoplasmic reticulum stress. Arterioscler. Thromb. Vase. 
Biol. 2006, 26, 1439-1446. 

101. Xin, W.; Lu, X.; Li, X.; Niu, K.; Cai, J. Attenuation of endoplasmic reticulum stress-related 
myocardial apoptosis by SERCA2a gene delivery in ischemic heart disease. Mol. Med. 2011, 17, 
201-210. 

102. Qi, X.; Okuma, Y.; Hosoi, T.; Nomura, Y. Edaravone protects against hypoxia/ischemia-induced 
endoplasmic reticulum dysfunction. J. Pharmacol. Exp. Ther. 2004, 311, 388-393. 

103. Na, B.; Huang, Z.; Wang, Q.; Qi, Z.; Tian, Y.; Lu, C.C; Yu, J.; Hanes, M.A.; Kakar, S.; 
Huang, E.J.; et al. Transgenic expression of entire hepatitis B virus in mice induces 
hepatocarcinogenesis independent of chronic liver injury. PLoS One 2011, 6, e26240. 

104. Kaplowitz, N.; Ji, C. Unfolding new mechanisms of alcoholic liver disease in the endoplasmic 
reticulum. J. Gastroenterol. Hepatol. 2006, 21, S7-S9. 

105. Gupta, S.; Kuhnisch, J.; Mustafa, A.; Lhotak, S.; Schlachterman, A.; Slifker, M.J.; 
Klein-Szanto, A.; High, K.A.; Austin, R.C.; Kruger, W.D. Mouse models of cystathionine 
beta-synthase deficiency reveal significant threshold effects of hyperhomocysteinemia. FASEB J. 
2009, 23, 883-893. 

106. Werstuck, G.H.; Lentz, S.R; Dayal, S.; Hossain, G.S.; Sood, S.K.; Shi, Y.Y.; Zhou, J.; 
Maeda, N.; Krisans, S.K.; Malinow, M.R.; et al. Homocysteine-induced endoplasmic reticulum 
stress causes dysregulation of the cholesterol and triglyceride biosynthetic pathways. J. Clin. 
Invest. 2001, 107, 1263-1273. 

107. Galligan, J.J.; Smathers, R.L.; Shearn, C.T.; Fritz, K.S.; Backos, D.S.; Jiang, H.; Franklin, C.C; 
Orlicky, D.J.; Maclean, K.N.; Petersen, D.R. Oxidative stress and the ER stress response in a 
murine model for early-stage alcoholic liver disease. J. Toxicol. 2012, 2012, 207594. 

108. Banerjee, A.; Ray, R.B.; Ray, R. Oncogenic potential of hepatitis C virus proteins. Viruses 2010, 
2,2108-2133. 



Int. J. Mol. Sci. 2013, 14 



455 



109. Merquiol, E.; Uzi, D.; Mueller, T.; Goldenberg, D.; Nahmias, Y.; Xavier, R.J.; Tirosh, B.; 
Shibolet, O. HCV causes chronic endoplasmic reticulum stress leading to adaptation and 
interference with the unfolded protein response. PLoS One 2011, 6, e24660. 

110. Boson, B.; Granio, O.; Bartenschlager, R.; Cosset, F.L. A concerted action of hepatitis C virus p7 
and nonstructural protein 2 regulates core localization at the endoplasmic reticulum and virus 
assembly. PLoS Pathog. 2011, 7, el002144. 

111. Li, Y.; Boehning, D.F.; Qian, T.; Popov, V.L.; Weinman, S.A. Hepatitis C virus core protein 
increases mitochondrial ROS production by stimulation of Ca uniporter activity. FASEB J. 
2007, 21, 2474-2485. 

1 12. Li, S.; Ye, L.; Yu, X.; Xu, B.; Li, K.; Zhu, X.; Liu, H.; Wu, X.; Kong, L. Hepatitis C virus NS4B 
induces unfolded protein response and endoplasmic reticulum overload response-dependent 
NF-kappaB activation. Virology 2009, 391, 257-264. 

113. Waris, G.; Tardif, K.D.; Siddiqui, A. Endoplasmic reticulum (ER) stress: Hepatitis C virus 
induces an ER-nucleus signal transduction pathway and activates NF-kappaB and STAT-3. 
Biochem. Pharmacol. 2002, 64, 1425-1430. 

114. de Mochel, N.S.; Seronello, S.; Wang, S.H.; Ito, C; Zheng, J.X.; Liang, T.J.; Lambeth, J.D.; 
Choi, J. Hepatocyte NAD(P)H oxidases as an endogenous source of reactive oxygen species 
during hepatitis C virus infection. Hepatology 2010, 52, 47-59. 

115. Papa, F.R. Endoplasmic reticulum stress, pancreatic [3-cell degeneration, and diabetes. Cold 
Spring Harbor Perspect. Med. 2012, 2, a007666. 

116. Harding, H.P.; Zeng, H.; Zhang, Y.; Jungries, R.; Chung, P.; Plesken, H.; Sabatini, D.D.; Ron, D. 
Diabetes mellitus and exocrine pancreatic dysfunction in perk~ /_ mice reveals a role for 
translational control in secretory cell survival. Mol. Cell 2001, 7, 1 153-1 163. 

117. Thomas, S.E.; Dalton, L.E.; Daly, M.L.; Malzer, E.; Marciniak, S.J. Diabetes as a disease of 
endoplasmic reticulum stress. Diabetes/Metab. Res. Rev. 2010, 26, 611-621. 

118. Scheuner, D.; Song, B.; McEwen, E.; Liu, C; Laybutt, R.; Gillespie, P.; Saunders, T.; 
Bonner- Weir, S.; Kaufman, R.J. Translational control is required for the unfolded protein 
response and in vivo glucose homeostasis. Mol. Cell 2001, 7, 1 165-1 176. 

119. Back, S.H.; Kaufman, R.J. Endoplasmic reticulum stress and type 2 diabetes. Ann. Rev. Biochem. 
2012, 81, 767-793. 

120. Kitiphongspattana, K; Khan, T.A.; Ishii-Schrade, K; Roe, M.W.; Philipson, L.H.; Gaskins, H.R. 
Protective role for nitric oxide during the endoplasmic reticulum stress response in pancreatic 
beta-cells. Am. J. Phys. 2007, 292, E1543-E1554. 

121. Lim, S.; Rashid, M.A.; Jang, M.; Kim, Y.; Won, H.; Lee, J.; Woo, J.T.; Kim, Y.S.; 
Murphy, M.P.; Ali, L.; et al. Mitochondria-targeted antioxidants protect pancreatic beta-cells 
against oxidative stress and improve insulin secretion in glucotoxicity and glucolipotoxicity. 
Cell. Phys. Biochem. 2011, 28, 873-886. 

122. Naidoo, N. The endoplasmic reticulum stress response and aging. Rev. Neurosci. 2009, 20, 
23-37. 

123. Adam, J.; Bollee, G.; Fougeray, S.; Noel, L.H.; Antignac, C; Knebelman, B.; Pallet, N. 
Endoplasmic reticulum stress in UMOD-related kidney disease: A human pathologic study. Am. 
J. Kidney Dis. 2012, 59, 117-121. 



Int. J. Mol. Sci. 2013, 14 



456 



124. Witko-Sarsat, V.; Friedlander, M.; Capeillere-Blandin, C; Nguyen-Khoa, T.; Nguyen, A.T.; 
Zingraff, J.; Jungers, P.; Descamps-Latscha, B. Advanced oxidation protein products as a novel 
marker of oxidative stress in uremia. Kidney Int. 1996, 49, 1304-1313. 

125. Li, G.; Scull, C; Ozcan, L.; Tabas, I. NADPH oxidase links endoplasmic reticulum stress, 
oxidative stress, and PKR activation to induce apoptosis. J. Cell Biol. 2010, 191, 1 113-1 125. 

126. Malhotra, J.D.; Miao, H.; Zhang, K.; Wolfson, A.; Pennathur, S.; Pipe, S.W.; Kaufman, R.J. 
Antioxidants reduce endoplasmic reticulum stress and improve protein secretion. Proc. Natl. 
Acad. Sci. USA 2008, 105, 18525-18530. 

© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http://creativecommons.Org/licenses/by/3.0/). 



